Abstract. Developing prognostic factors for patients with gastric cancer (GC) is crucial for the accurate identification of subgroups with distinct clinical outcomes and the development of effective treatment strategies.
Introduction
Gastric cancer (GC), as one of the leading causes of morbidity and mortality worldwide, demonstrates a relative poor prognosis to other cancers with an overall 5-year survival rate below 30% (1) . The TNM (tumor/node/metastasis) staging system is routinely used in the classification of GC. However, even GC patients with the same stages and treatments tend to demonstrate variations in clinical outcomes. Therefore, the efficacy of TNM staging may be unable to distinguish higher and lower risk patients, and new markers accompanying this system are urgently needed to define more robust prognostic subtypes of GC (2) .
With the development of high-throughput technologies, including genomics, transcriptomics and proteomics, an increasing number of prognostic molecules have been identified, but most of them cannot be clinically applied due to low effectiveness and poor reproducibility when validated in larger cohorts (3) . It has been proposed that the construction of gene signature with multiple biomarkers can greatly enhance the predictive and prognostic ability over single biomarkers; a panel of gene signatures has been introduced for clinical application. Currently, several potential prognostic gene signatures have been developed for the prognosis of GC (4) (5) (6) (7) (8) . However, these signatures always involve scores of genes, which are not clinically applicable. Furthermore, although these prognostic signatures can define high-risk GC subtypes, most of them do not contribute to the development of personalized treatment for these patients.
The hedgehog (Hh) signaling pathway acts as a driving factor in the progression of cancer and may be considered as a potential therapeutic target; considerable efforts have been performed to develop its inhibitors to treat multiple cancers, such as GC (9) . Several previous studies have evaluated the prognostic significance of the Hh signaling pathway members in small scale clinical samples of GC, the prognostic power of the combination of Hh-associated genes at a larger scale has never been reported (10) (11) (12) . Therefore, we hypothesized Identification and validation of a Hedgehog pathway-based 3-gene prognostic signature for gastric cancers that the Hh signaling pathway-based gene signature may have greater prognostic power than a single Hh-associated gene, and may also provide more biological and clinical significance. In this study, using The Cancer Genome Atlas (TCGA) gene expression profiling, we developed a 3-Hh-gene signature that may classify patients with GC into prognostic subgroups with differing clinical outcomes. We further validated the potential of this signature in silico using a large cohort of combined GC transcriptomic data, and experimentally investigated these findings in clinical GC samples.
Materials and methods
Training and validation data sets. Gene expression profiling data of TCGA GC (STAD) in RSEM format (RNA-SeqV2) were downloaded from cBioPortal (http://www.cbioportal. org/) (13) . TCGA STAD comprising 386 cases of GC samples with overall survival data served as the training data set. The REEM values of gene expression levels were log-transformed before further analysis.
Combined gene expression microarray datasets (GSE14210, GSE15459, GSE22377, GSE29272, GSE51105 and GSE62254) from KM Plotter (http://kmplot.com/analysis) was used for in silico validation (14) . This combined data set comprised 631 GC samples with survival data was analyzed on Affymetrix Human Genome U133/U133A 2.0/HG-U133_Plus_2 platforms.
One hundred and twenty-six cases of pathologically proven primary GC specimens at stage I-III were included for experimental confirmation in our established gene classification. All the samples were obtained with from patients with GC who received standard curative surgery at Zhejiang Hospital of Traditional Chinese Medicine from January 2004 and December 2011 with informed consent. All the patients received postoperative chemotherapy (FOLFOX regimen), and no adjacent treatment was administered before surgery. The study was approved by the institutional review boards of Zhejiang Hospital of Traditional Chinese Medicine and Zhejiang Police College.
Development of prognostic Hh signature in the training data set. Nine canonical Hh signaling pathway-associated genes, including three secreted ligands [SHH, indian hedgehog (IHH) and DHH], three transmembrane receptors or co-receptors [patched (PTCH)1, PTCH2 and smoothened frizzled class receptor (SMO)], and three transcription factors (GLI1, GLI2 and GLI3) were selected for analysis. The Cutoff Finder online tool (http://molpath.charite.de/cutoff/) was used to determine the optimized threshold of gene expression to obtain most the significant prognostic power as described before (15) . According the established cutoff value, patients were divided into high-and low-risk subgroups, and were subject to univariate Cox proportional hazards analysis; The Cox regression coefficients for each gene was calculated.
The expression value (G) of significant Hh-associated genes identified in univariate Cox proportional hazards analysis and their corresponding Cox regression coefficient were utilized to reconstruct the prognostic gene signature, as described in the following equation: Risk score=∑Cox coefficient of gene Gi x expression value of gene Gi. The patients in the training data set were divided into two groups (high-and low-risk) according to the cutoff value for risk using Cutoff Finder. Survival times were compared between the two groups using the Kaplan-Meier analysis and log-rank test.
Assessment of the prognostic Hh gene signature in the combined GEO validation data set.
The potential of the Hh-gene signature for predicting the outcome of patients with GC in the training data set was externally invetsigated in the combined six-microarray cohort derived from the GEO database. The workflow analysis was similar to the training data set. Risk scores were determined in the validation samples based on the above equation. The coefficient values derived from the training data set were directly applied for validation in the cohort. Two subgroups were constituted based on the median risk score, and their survival times were compared with the Kaplan-Meier analysis. The analysis was performed using the KM Plotter online tool (http://kmplot.com/analysis).
Experimental validation of the prognostic significance in our GC cohort by immunohistochemistry (IHC).
Immunohistochemical staining for IHH, PTCH1 and SMO on GC tumors were performed by the avidin-biotin complex method. Briefly, 4 µm of sections of paraffin-embedded tissue blocks were deparafnizated and rehydrated. After blocking of endogenous peroxidases activity and heat-induced antigen-retrieval procedures, the sections were incubated with rabbit anti-human antibodies against IHH (1:150 dilution), PTCH1 (1:100 dilution) and SMO (1:100 dilution; all Abcam, Cambridge, UK) overnight at 4˚C. Then, a HRP-conjugated secondary antibody substrate (Dako, Copenhagen, Denmark) was added, and 3,3'-diaminobenzidine (DAB) was used as the chromogen.
The widely accepted German scoring system was used to evaluate the IHC staining semi-quantitatively as previously described (16) . Each tumor was assigned an IHC score (from 0 to 300), which was determined by multiplying the intensity score by the score for the expression extent of stained cells.
Statistical analysis.
As for web-based bioinformatic tools, statistical analysis was automatically obtained and conducted online. The association between clinical variables and gene expression levels generated from IHC-based validation were evaluated using the Chi-square test. Cumulative survival curves were computed by using the Kaplan-Meier method, and evaluated between groups using the log-rank test. Multivariate survival analysis was performed using Cox's regression model. All reported P-values were two-sided, and P<0.05 was considered to indicate a statistically significant difference. All the statistical analyses were performed using SPSS 22.0 software (IBM SPSS Statistics, Armonk, NY, USA).
Results
Detection of the Hh signaling pathway-based genes is associated with overall survival and development of prognostic gene signature in the training data set. We first evaluated the prognostic values of 9 canonical Hh signaling pathway-associated genes for patients with GC in TCGA STAD data set. Three members IHH, PTCH1 and SMO were identified to have significant prognostic value at cutoff values of 5.843, 6.924 and 9,029 (Fig. 1) ; high expression of IHH, PTCH1 and SMO was significantly associated with mortality and shorter overall survival (Fig. 2) . Subsequently, a univariate Cox regression analysis was carried out to calculate the (Figs. 1 and 2) . The expression levels of the 9 Hh-associated genes in the high-and low-risk subgroups were demonstrated in Fig. 3 .
Prediction performance of the 3-Hh-gene signature in the combined GEO dataset. To reliably estimate the prediction potential, we extracted the expression data of these 3 Hh-associated genes from another large cohort of the GEO database. When the same coefficient in the training data set was used, patients with GC of the validation cohort were dichotomized according to the risk scores; overall survival rates were significantly elevated in the subgroup with high risk scores (HR=1.45, 95% CI=1.17-1.81, P=0.00068) (Fig. 4) .
To test whether the 3-gene signature is independent of the current staging systems and other prognostic predictors, the validation cohort were further stratified according to stages, HER2 status and treatment therapies. We found that the risk score successfully separated patients into prognostic subgroups in all the stages except stage Ⅳ (Fig. 4) . In addition, we also observed that this gene signature may also be effectively used to identify high-risk individuals in the HER2-negative subgroup (HR=1.65, 95% CI=1.26-2.16, P=0.00024) and patients with GC receiving surgery alone (HR=1.49, 95% CI=1.11-1.99, P=0.0075). These findings indicate that the 3-Hh-gene signature may provide more prognostic information to the current classification systems.
Experimental validation of the 3-Hh gene signature in discriminating high-risk GC patients by IHC.
Next, we evaluated whether this mRNA-based gene signature retained its effectiveness in an independent cohort by the IHC-detected strategy. Representative staining images of IHH, PTCH1 and SMO were demonstrated in Fig. 5A . Each case was scored; univariate Cox regression analysis indicated that high expression levels of these markers were associated with decreased overall survival, but only reaching marginal significance. We then derived the same formula in training dataset to calculate a risk score for each case based on IHC scores. Using the formula, our cohort was divided into high-(n=39) and low-risk (n=76) subgroups with an optimal cutoff of 2.04 using the Cutoff Finder tool (Fig. 5B) . Distribution of the demographic and clinicopathological characteristics did not significantly vary between the high-and the low-risk subgroups (Table I) . Furthermore, we found that patients with high-risk scores exhibited shorter survival compared with in those with low-risk scores (HR=2.04, 95% CI=1.09-3.82-, P=0.02) (Fig. 5C ). In the multivariate Cox regression analyses, age, tumor size and high-risk scores of gene signature were independently associated with shorter overall survival (HR=2.133, 95% CI=1.110-4.099, P=0.02) (Table II) .
Discussion
Aberrant activation of the Hh signaling pathway has been associated with a variety of human cancers, including GC (17-19). As potential targets in the treatment of GC, the Figure 3 . The expression levels of the 9 Hh-associated genes in the high-and low-risk subgroups. Three signature genes IHH, PTCH1 and SMO demonstrated significant difference in expression levels between subgroups. IHH, indian hedgehog; PTCH1, patched 1; SMO, smoothened frizzled class receptor. Table I . Clinical characteristics of GC patients dichotomised by IHC-detected gene signature in experimental validation cohort. prognostic impact of the Hh signaling pathway genes in GC have been widely explored previously. However, a potent, reproducible Hh-associated prognostic factor for clinical use is yet to be confirmed. This is may be due to the fact that most the previous prognostic studies of Hh-associated factors in GC are limited to small cohorts and focus on signle not combined Hh biomarker in combination.
To overcome these limitations, in this study, we used two large gene expression cohorts (both comprising more than 300 samples with survival data) to identify and validate the most potent Hh-associated pathway factors for the prognoses of GC. Among current canonical Hh-associated genes, we identified IHH, PTCH1 and SMO as the most powerful prognostic factors for GC. Furthermore, we developed a signature with these three Hh-associated genes, which demonstrated a stable and reliable potential to identify high-risk GC patients with poor clinical outcome. These reproducible effects were confirmed in a variety independent cohorts and different gene expression platforms (RNA-seq, microarray, and IHC). Furthermore, we demonstrated that this signature was independent of known clinical prognostic factors, and in particular, its robustness was effective in early and advanced stages; HER2-negative or surgery alone patients exhibited the most heterogeneous clinical outcomes. HER2-positive GCs represent a subgroup with poor prognosis that can be treated using anti-HER2 drugs, such as trastuzumab (20) . Our signature further identified a poor-prognostic subgroup from the HER2-negative GCs, but did not benefit from treatment with anti-HER2 drugs; therefore, alternative treatments may be considered for these patients. Therefore, our signature may provide more details for the current risk classification system. Compared with previous established prognostic gene signatures, our signature only has 3 genes, which is simple and practical for further clinical use. Secondly, although our 3-Hh-gene signature is derived from RNA-seq and microarray-based platforms, in this study, we also identified a high-risk GC subgroup with poor prognosis by using simple IHC technology. Therefore, this signature may have notable biological importance. PTCH1 has been reported to be closely associated with the chemoresistance of GC cell lines (21) . Recently, Ma et al (22) linked high SMO expression levels with paclitaxel-resistant GC clinical samples; IPI-926, an inhibitor of SMO, may sensitize paclitaxel-resistant tumors. SMO has been confirmed to be a target with the highest therapeutic potential; a panel of SMO inhibitors have been investigated for the treatment of cancer (23, 24) . Therefore, it may be reasonable to speculate that high-risk patients defined by our 3-Hh gene signature may benefit most from SMO inhibitors.
The limitation of the present study is that this signature was investigated in a retrospective manner, therefore, future study may require the integration of this model with prospective randomized trials to further validate its clinical relevance.
In summary, we identified a stable Hh signaling pathway-based 3 gene set that may provide additional prognostic information to improve clinical classification, and transfer to IHC-based assay. We propose that it may be developed into a robust, practical and inexpensive molecular diagnostic tool for clinical use in the near future.
